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Abstract 

We have perfonned high-throughput characierization of composition-spread Lai,;cCajcMn03 (LCMO) and Ndi_;fSr;cMn03 
(NSMO) films, fabricaied by the precursor technique, with a scanning SQUID microscope (SSM). In both films, SSM 
successfully observed spatial variation of magnetic field, corresponding to magnetic phase transitions with respect to chemical 
composition. The obtained magnetic phase diagrams basically reproduced those reported in bulk maierials. However, several 
disiincdve differences have also been noted. For instance, the region identified as a charge ordered insulator in LCMO revealed 
intense field, suggesting the occurrence of phase separation into ferromagnetic and , non-magnetic states. These results confinn 
that SSM possesses sufficienc analytical performance for high-throughput characterization of combinatorial magnetic libraries 
in composition spread form. © 2002 Elsevier Science B.V. All rights reserved, 

PACS: 07.79.-v; 68.37.-d; 75.60.Ch; 7S.70.Ak 
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1. Introduction 

It is well known that perovskiie-type manganese 
oxides show a wide variety of electronic and magnetic 
properties such as colossal magneto-resistance and 
charge ordering as functions of temperature and che- 
mical composition [1], Therefore, it is of crucial 
importance to systematically investigate the doping 
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effects in these systems both for understanding the 
underlying physics and for exploring their practical 
applications. Indeed, great efforts have been devoted 
to the phase diagram studies [1], However, these works 
usually require large numbers of high quality single 
crystals and careful characterization of individual 
samples and thus they are very time-consuming. 

Recent progress in combinatorial techniques starts 
changing the material research works completely [2]. 
They not only accelerate the searches for new materi- 
als but also considerably systematize them, because 
experimental eirors associated with sample prepara- 
rions and analyses can be minimized. 
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To chai-acterize combinaiorial manganite sanaples, 
on the other hand, new microscopic tools accessible to 
local magnetic properties of small pixels are highly 
desired. For such a purpose, seating probe micro- 
scopes (SPMs) are most suitable, and several magnetic 

.probes have been developed so far [3-7). These 
include magnetic force microscope (MFM) [3,4], 
.scaniuTig Hall probe microscope (SHPM) [5] and 
scanning SQUID microscope (SSM) [6,7]. MFM is 
now widely used to image magnetic structures in a sub- 
niicron scale. However, it is hardly applicable to com- 
binatorial materials, because its magnetic signal ori- 
ginating from magnetostatic interaction between probe 
and sample does not directly reflect the magnitude of 
local magnetic moment. In contrast, SSM is a quanti- 
tative probe with extremely high field sensitivity, so 
that it is capable of sensing even weak field of thin film 
samples, although its spatial resolution is limited by the 
SQUID ring size, several micrometers [6,7]. 

Here, we report the combinatorial characterization 
of manganese oxide films, Lai_^Ca;cMn03 (LCMO) 
aiid Nd,_;,SrvMn03 films (NSMO), in composition- 
spread form with a SSM. The microscope has succes- 
sively detected local magnetic field, generated from 
domain boundaries, across the films, yielding magni-> 

' tude of magnetic moment as a function of chemical 
composition, x. The obtained results are basically 

. consistent with the magnetic phase diagrams reported 
in bulk materials. However, distinctive disagreements 
have also been found. 



2, Experimental 

Composition-spread films of LCMO and NSMO 
were fabricated by the so-called precursor method. 
The detailed film growth procedures were described 
elsewhere [8]. Here, it should be noted that the present 
composition-spread films experienced sintering at a 
high temperature, 1000 "C. Accordingly, they are 
relatively free from lattice distortion arising from 
the lattice mismatch between film and substrate, 
LaAlO^. But there still remains a small substrate 
effect, as reported by Yoo et al. [8], 

An SSM, equipped with a miniature SQUID ring 
(10 \xm OD) near an edge of an AFM cantilever, was 
used to sense local magnetic field perpendicular 10^ the 
film surface B. without external field [7]. The sample 



set on variable-temperature sample stage was mechani- 
cally scanned against the SQUID sensor (scanning 
range > 10 mm x 10 mm), keeping the tip-sample dis- 
tance constant, ^5 pjn. Measurement temperatiu:e was 
controlled between 3 and -.lOOK, using a heater 
surrounding the sample stage. The field sensitivity 
and spatial resolution are 50 pT (dc level) and 5 |im. 
respectively [7]. 



3. Results ^nd discussion 

Fig. 1 shows two-dimensional magnetic images 
(300 tim X 300 pm) observed by SSM at several loca- 
tions on the composition-spread LCMO film. Along 
the horizontal axis, Ca composition a: varies. One can 
clearly see magnetic structures of several tens of 
microns, representing magnetic domains. A ferromag- 
net, in general, is not homogeneously polarized, but is 
divided into domains with different magnetic axes. In 
thin films, the magnetic moments tend to lie parallel to 
the film surface in order to reduce the magnetostatic 
energy. If this is the case, domain boundaries emit or 
absorb magnetic field, which is detected as positive or 
negatives^ by SSM, as shown in Fig. 1. Namely, white 
and black regions indicate domain boundaries, while 
the regions inside the domains are colored gray- 
Fig. 2(b) is a one-dimensional B. profile along the 
horizontal direction in Fig. 1. An oscillating structure 
is evidently visible, reflecting again the magnetic 
domains. When magnetic domains with in-plane mag- 
netization are periodically arranged along a lateral 
direction, as illustrated in Fig. 3(a), the z-component 
of magnetic field generated from a boundary b. is 
given by [9]: 



n=-oo 



{z + tY + {x + ndY 



where is the spontaneous magnetization, d the 
domain width, t the thickness of the film, x and z 
are horizontal and vertical positions defined in 
Fig. 3(a). Since SSM counts numbers of magnetic 
flux penetrating a SQUID ring, tlie value observed 
by SSM is finally expressed as an integral, 



\*^dng/ -/ring 



(2) 
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Fig. 1. Two-diniBzisional magneuc images of compositioii-sprcad LaCaMnO film observed by SSM at 3 K. The scanning areas are 
300 X 300 \mfi for all images, (a) x ^ 0.078-0.099; (b) x = 0.099-0,119; (c) x = 0.182-0-202; (d) x = 0.330-0.351; (e) x = 0.449-0.470; 
(f) X =1 0.504-0.524; (g) x = 0.643-0.664; (h) jf = O.seS-O.g&S. 



where h is the probe-sample distance, and ^r^^g 
area of SQUID ring. Fig. 3(b) exhibits profiles 
calculated for various t values. The maximum field, 
5^^ = 5^(0, h), is plotted agamst r, in Fig. 3(c), If one 
observes both d and Bf^^ experimentally, can be 
evaluated using Eq. (2). 

Fig. 2(c) is the envelope of 5^ corresponding to fi^"^ 
as a function of x. The d values, deduced by the fast 
Foiu-ier transformation (FFT) analysis of profile, 
are plotted in Fig. 2(d). Fig. 2(e) is an curve 
computed from Fig. 2(c) and (d). In the present case, 
d is weakly dependent 'on x. Thus, the B™^ profile is 
almost proportional to M^. 

From Fig. 2(e), it i.s evident that the magnitude of 
dramatically changes with x. shows a local mini- 
mum at X = 0.2, which is equivalent to the phase 
boundary between ferromagnetic insulator (FI) and 
ferromagnetic metal (FM) stales. After it is maximized 
around x - 0.3, Mr is abruptly suppressed at ;c = 0.5, 
where charge ordering takes place. Thus, the observed 
^2 profile in the range x = 0-0.5 is quite consistent 
with the magnetic properties of bulk materials in 



Fig. 2(a) [10]. In contrast, the present SSM results re- 
markably differ from those of bulk studies for x > 0.5. 
According to the bulk phase diagram, the charge order 
insulator (CO!) phase is located at;c > 0.5, where no 
spontaneous magnetization is expected. However, we 
have found intense field in the region, which is com- 
parable to that of FM. This strongly suggests that phase 
separation into ferromagnetic and charge order non- 
magnetic phases occurs. 

Around x = 0.9, is rapidly reduced, indicating 
that AF order sufficiently develops there. Even for 
;c > 0.9, however, we have detected finite B^ of 1 jtT 
level. Indeed, die SSM image near the COI/AF phase 
boundary in Fig. 1(h) clearly resolves magnetic 
domains in the higher x side. This implies that the 
AF moments are slighily canted, resulting in appear- 
ance of gross magnetization perpendicular to the 
AF spins. The present observation is a very good 
demonstration for high field sensitivity of the SQUID 
microscope.. 

Fig. 4 summarized the results of combinatorial cha- 
racterization of NCMO film at various temperatures. 
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Fig. 2. Local magncdc propertiQS of composiiion-:^d LaCaMnO film at 3 K: (a) bulk phase diagram [9]; (b) one-dimensional profile 
across ihe film; (c) envelope of piome; (d) domain width d cstoated from the osciUaiion period of i?,; (o) calculated sponraneoaa 
magnetization M^; (f) proposed magnetic phase diagram. 



Large 5. values, realching to 50 ^T, was observed in 
region x < 0.55, which corresponds to the FM 
phase. [U]. 5,. is dimimshed to zero around 0.6, 
where the COI pha$e appears. Meanwhile, wc found 



finite for x 0.7-0.9 with a local maximum 
at 0.8, representing the canced AF (CAF) state. From 
Fig. 4, it can be concluded that the magnetic proper- 
ties of NCMO system are essentially independent of 
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Fig, 3. (a) Calculated magnetic field generated from magnetic 
domains with in-plane magnetization; (b) 5- profiles across 
domains for various film thickness r; (c) maximum field B?^ as 
a function of r. 

temperature below 100 K. A new finding is thai the 
CAF survives up to 100 K in contrast to the bulk phase 
diagram indicating the disappearance of CAF phase 
around 70-80 K. 
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Fig. 4. Local magnetic properties of composition-spread 
NdSrMnO film at various tAmperatures. The top panel is the bufic 
phase diagram reported by Kajimoto ct al. [11]. 
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4. Summary 

We have demonstrated that local magnetic proper- 
ties of mangamte j&lms in composition-spread form 
can be rapidly characterized by the SSM. From the 
observed domain sizes and magnitude of magnetic 
field, arising from domain boundaries, spontaneous 
magnetization was quantitatively calculated as a 

' function of alkaline earth composition x. The resulting 
/l/j. distributions are consistent with the bulk phase 
diagrams, although a few remarkable disagreements 
such as magnetic behavior of COI phase of LCMO 
were recognized. The present observations confirm that 
SSM is quite useful for analyzing combinatorial mag- 

' netic libraries composed of micrometer order pixels. 
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